a2 United States Patent

Takahashi et al.

US009106200B2

US 9,106,200 B2
Aug. 11, 2015

(10) Patent No.:
(45) Date of Patent:

(54)

(735)

(73)

")

@

(22)

(65)

(30)

Jul. 21, 2011

(1)

(52)

(58)

PIEZOELECTRIC VIBRATING PIECE AND
PIEZOELECTRIC DEVICE

Inventors: Takehiro Takahashi, Saitama (JP);
Shuichi Mizusawa, Saitama (JP);
Masakazu Harada, Saitama (JP);
Hiroaki Yamada, Saitama (JP); Takumi
Ariji, Saitama (JP)

Assignee: NIHON DEMPA KOGYO CO., LTD.,

Tokyo (JP)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 352 days.

Notice:

Appl. No.: 13/539,488

Filed: Jul. 1, 2012

Prior Publication Data

US 2013/0020911 A1 Jan. 24, 2013
Foreign Application Priority Data
(P) e 2011-159493

Int. CI.

HOIL 41/053
HO3H 9/13
HO3H 3/02
HO3H 9/02
HO3H 9/10
HO3H 9/17

USS. CL

CPC oo HO3H 9/131 (2013.01); HO3H 3/02

(2013.01); HO3H 9/02133 (2013.01); HO3H

902157 (2013.01); HO3H 9/1035 (2013.01);

HO3H 9/177 (2013.01); HO3H 2003/021

(2013.01)

(2006.01)
(2006.01)
(2006.01)
(2006.01)
(2006.01)
(2006.01)

Field of Classification Search
CPC ... HO3H 9/177;, HO3H 9/0207; HO3H 9/1021;
HO3H 9/1014; HO1L 41/053; GO1C 19/5663

100
M2 133

USPC  ooiivevieviecneercicenenen 310/320, 344, 351
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,267,479 A *
7,365,477 B2

5/1981 Kato ....cocvviviiiiinins 310/348
4/2008 Tanaka

(Continued)

FOREIGN PATENT DOCUMENTS

8/2006
9/1993

(Continued)
OTHER PUBLICATIONS

EP 1696561
JP HO05-226963

Online Translation of JP 2004-286585, Kobayashi.*
(Continued)

Primary Examiner — Derek Rosenau
Assistant Examiner — Bryan Gordon
(74) Attorney, Agent, or Firm — Jianq Chyun IP Office

(57) ABSTRACT

A piezoelectric vibrating device and a piezoelectric vibrating
piece including an excitation unit, a framing portion and a
connecting portion are provided. The excitation unit includes
a first side extending in a first direction and a second side
extending in a second direction. The connecting portion has a
thickness of a first thickness in a third direction perpendicular
to the first direction and the second direction. The excitation
unit includes a first region, a second region and a third region.
The pair of excitation electrodes are disposed on the first
region. The second region with the first thickness is directly
connected to the connecting portion. The third region is dis-
posed between the first region and the second region. The
third region has a thickness in the third direction of a second
thickness. The second region has a thickness in the third
direction that is thicker than the second thickness.

17 Claims, 16 Drawing Sheets

134 (130 135 (141

10
/




US 9,106,200 B2

Page 2
(56) References Cited Jp H10-145179 5/1998
p 2003-101377 4/2003
U.S. PATENT DOCUMENTS Ip 2004-286585 *10/2004
p 2006-238263 9/2006
2008/0079334 Al*  4/2008 Yongetal. ..o 310361 P 2006-238266 972006
2010/0207696 Al* 82010 Sayama .. .. 331/158 P 2006-254210 9/2006
2010/0270891 Al* 10/2010 Kohdaetal. . ... 310/344 Ip 2008-022378 1/2008
2011/0163637 Al* 7/2011 Hashi ....... ... 310/344
2012/0032562 Al* 2/2012 Mizusawa ... - 310/344 OTHER PUBLICATIONS
2012/0139391 Al* 6/2012 Mizusawaetal. ........... 310/344

JP

FOREIGN PATENT DOCUMENTS

HO08-78997 3/1996

“Office Action of Japan Counterpart Application”, issued on May 18,
2015, pp. 1-3, in which the listed references were cited.

* cited by examiner



U.S. Patent Aug. 11, 2015 Sheet 1 of 16 US 9,106,200 B2

=

<] ‘ ;l/// W GETTX0S
e /?g{/%{//// ‘5,:;2:‘:;?:;’;‘::?:":"."'

%
o 4
(:;::o:ofo'

FIG. 1



U.S. Patent Aug. 11, 2015 Sheet 2 of 16 US 9,106,200 B2

2 133 M0 134 ;130 135 (141
/

130 |
- 136 — F—B /"'135
132 \ | _
1380~ — : X/ 5
5 9 / 1350
0“—\ ;
~- 134
1315 131c—\\/ ’ 138b
131b 1~
133 =1 H s
,,,,,, A% \
X s : X
i \
I , 435  <—B ‘138



U.S. Patent Aug. 11, 2015 Sheet 3 of 16 US 9,106,200 B2
130 131
= °\\ Wz
\ Wx2
\
\
\ W22
w1 | Lx2 | %
131 Jd N2
131b 1 M
\T\ IRX]
. 1380—— Tz | 133
L1
Y':L—’Z'
FIG. 3A
130
- 135
132~ —134 2
i ? 1 I”
M= 12
131b 131 131q 131¢|
133 131

FIG. 3B



U.S. Patent Aug. 11, 2015 Sheet 4 of 16 US 9,106,200 B2

230 o, C 13
132 \ | ;
138b — &
ol [ b
\\/ 134
1314 13l 1T~ | / ¢ 138b
| || 197
196 138
X g ' ¢
YlCI)—VZ’
230 135
= 132
132—L B Lo
N — T I
~~~~~~~ T 134 y:
Y 131b131c 131a —131c
I 133 131
7o X
FIG. 4B
230 i 135 y
¥ V74— 134
1 15
T J 131a
y 15




US 9,106,200 B2

Sheet 5 of 16

Aug. 11, 2015

U.S. Patent

26 OI4

1 q .ley

ogee —+—FF %t 0gee

1
—~

dg ‘Ol
Ty .TI%
X
T aice
1 Tay
||
\_ gl
og) BOCT



US 9,106,200 B2

Sheet 6 of 16

Aug. 11, 2015

U.S. Patent

9 Ol

qoce !

32931d bunpiq!
014)93]90Z81( “

DOce 90ald DulypIgIA 014}08}80Z31d

! _
Wy "0=q11 _ WW¢/ 0= 7 | WG Q=D Wt 0=Dl1

buipuaq | buipuag “@c%cm@ @c_n%@m buipuaq ?_EBM buipuaq | buipuaq
SIXD X | SIXD 7 I SIXD X | SIXD 71 SIXD X ISIXD 71 SIXD X !SKD 7
_ ) |
| | !
_ | _
059- 1997 _
o o 507 .
i | ® | 900 550"
: ®
® o e ¢
490 ' 060 890
! w
| L
| |
_ *




U.S. Patent Aug. 11, 2015 Sheet 7 of 16 US 9,106,200 B2

80 ®
70
sl 743

50

40
30 [ ) o

20 346 ® 36.2
10 24.4

0
comezing ortion| L10=0-32mrm [RZ1=0.32mm | RZ1=0.23mm| L1b=0.34mm

Thickness of

Stress(MPa)

connecting portion|  404m S0um /0pm 40um
Piezoelectric Piezoelectric | Piezoelectric Piezoelectric
vibrating piece | vibrating piece | vibrating piece | vibrating piece
330a 230a 230b 330b
FIG. 7A
2.0 I i
1.5 ' :
1.0 : :
< 05 0.06 -1 0385 0.0
S 00 ®; o O
g -05 @ - +_
© i @ i —0.18
& 10 00062 i
-1 : :
-20 5— ——— ——— .
L oaxis | Xaxis { Z axis | X axis | Z axis | X axis
bending | bending i bending | bending | bending | bending
Piezoelectric ¢ Piezoelectric | Piezoelectric
vibrating piece ; vibrating piece ; vibrating piece
330a i 230a i 230b

FIG. 7B



U.S. Patent Aug. 11, 2015 Sheet 8 of 16 US 9,106,200 B2

4300
/ 13}_17' 71 132
132~ = - 134 i
Ti ? T I”
134 12
. 131b131¢ 131q 131¢
433 431a
z’l_'x
FIG. 8A
430b
135 171
s v L
N Rl F L |
m| T =y IT4
s
I |
131b131c 131q L 131¢

Y 433 431b
l—»x

FIG. 8B



U.S. Patent Aug. 11, 2015 Sheet 9 of 16 US 9,106,200 B2
530a 134—\ 135
132 \ 7
136 ~ ; / o
[ M 1350
138b —\\ /%/
™ 138b

131a —_

——
531a 1310\\\_
5390
S H e |||
L a1z 1
E t 5 s t E
X FE .\ |F
I 135~/ 533— 1133533 ‘135
Y Z
FIG. 9A
5300 530b 23%
53% 435
132~ 7 ol
5.8 I
Y ‘ 135|
, 13c  131b  13lc
X 531a
FIG. 9B
i}g_g 132_\\ /‘]35




U.S. Patent Aug. 11, 2015 Sheet 10 of 16 US 9,106,200 B2

\
530b N A &
132 \ | .
136\\ \\ : \l:/ %
13~ Mz 135
~J
1310 — 1380
—~| / o
I —539a
\\\ y"//
1 135
&
X / | N\
I 135-/5331331 «—g 533
yo =7
FIG. 10A
930b
-533,-539
135}133'\ 533/ ,r5380 34 /_132
132 [, I . T12 ,
M T 5 Iu
AT ) 134——j = —
1971337 3 13e 1310 0 y31c

531b

FIG. 10B



US 9,106,200 B2

Sheet 11 of 16

Aug. 11, 2015

U.S. Patent

1L 914

G %

DBEG \EE N
Al M o vli~N-zep
0CSM T ——— tl
287 “igl 281 18l
(p)
D6ESLEh
Ayt | -
L, by .
28l 181 z81- “18l
(0)
0SGM -1
(9)
0CGM -1 "

(0)

payoe
Sl JoJDM 21193[s0zald Y|

015~/

POAOWAJ 21D SJBAD|
[p}ow 8y} puo ‘padojprsp pup
pasodxs aJp s)sisalojoyd ay|

oIS~

120 21108pR0za1d By} U0 pawlio)
24D $)sIsa40joyd pup SIskD| |DIBN

z201S-/

paindaud si Jojom a1yosjpozald Y

101S -/

()



US 9,106,200 B2

Sheet 12 of 16

Aug. 11, 2015

U.S. Patent

\

(A e
0£SM L

LT

X+l
pu3

-eg)

O£SM -1,

8l

el

06ES €81

DI¢|
j < i
dI| Y€1 066G cm,nm Leel Lepy
P65 66k v
1
(2)
D665 €k
...... e 7 >/ \A
! bl
Nw—l\ . (Imm.ﬂ. Omﬂmv\ ..................................

I

121

—-Ctl

0LSM -1

5

=
TR

(0)

J2j0M o1y08j0zZald By}
U0 Pawlio) aJD SapoJ}dd)|3

80IS—/

paLLIO)
sl 9j0y—ybnoyy o pup ‘payols
sl Jajom 211y09j0zald By|

015/

pPaydle I JoJDM D1I108[R0Z8lId
oy} pup ‘parowal a.p
s4oAp] [p1ew ayy ‘padojensp pup
pasodxa aip s)sisaioloyd ayj

901S -~/ ;_,

SR
01}09]20Z31d 8y} U0 PawLIOj 8D
s)sisedojoyd pup sJoAp| [DYOW

GoIS -/
¥01S



US 9,106,200 B2

Sheet 13 of 16

Aug. 11, 2015

U.S. Patent

ofl VIld ., )
a8 Z
06l —2I N\ H
2 ~-G¢1 X
Dge| y c6l
L 12669
9tl | o151 101£9
WV —
el \\f\
a¢l "Old 701 50¢9
\Z0 o
61— Gel H
X
Dgg| 261
Y T 9K€l
wnn__t o 261 Faige
Il —DIg}
¥l »\
701 q0c9

vel "9OIA
771 e o
12 Tﬂ
16— AR
/&A V4 _gpl
ogg| | (rs 161
1 q¢|
el [T 2151 toigo
¥5l ||
e f/lsnr
5 — |t
>
. _ 7
Gel - 9t D0g9



US 9,106,200 B2

Sheet 14 of 16

Aug. 11, 2015

U.S. Patent

vl Ol e o
Seln GEl - Tw
2z
el H——1
%! 1T
B D )
%T\w\ Iyl
\\ \
¥El oIS] \WNQ €L
dyl "OId A
7
el gl
\ I
% X
eel !

%65/ T qigl
L+ .
mn—\\\ ~—9|¢]

\\\
Vel %
DIS) \WS q0¢.

Vvl "OId
.Tlﬂ»
¢l X
Y7 e gy
el | = oge |
DGS/ 7 . I@In—m—,
TT—d—agy tPIEL
o1
qac| ] ’
& //%2
DGC 1
N.\»VT \ ///wm—
\ / 28l
Ge| - /l.vm._. D¢/



US 9,106,200 B2

Sheet 15 of 16

Aug. 11, 2015

U.S. Patent

aslt ‘Old .
a0 \B .le
Gl X
peeg pecg
Dge| 6l
Nm" B qigl
I N ol¢1 11£8
ﬂ m n oig]
cor) VE! v
v €t 5ocs
261 9Ol Jeoh
e 6 Bl SEb |
\,, &,W S S X
SCl- 1 T———1—{-o¢eg
Dge| 1 IR ¥61
vol [T qI£1
oA d0 T
I 9|
’ ¥l %
DI¢| 701 2008

I
GEl ¥6l- £F)-
\ \
S
o o
DRC| 7
¥6l /
%_uw
el
DIg|
VGl ‘Ol T
GEl- 6l EEb,  SEby H
\ \
" oL
DECR HZ DECQ
Dge| T AR 61
v6l P LT qigl
o 0151 1IE)
w -DIg|
Ve
el .
4yl DOCS



US 9,106,200 B2

Sheet 16 of 16

Aug. 11, 2015

U.S. Patent

g9l ‘9l Vol "OI4
.N A|%.> .Nlllwy
X X
Dge| el ~Dgel
ey m fﬁ _—
o N By e
G61 . BT S61 e —1—G6l
Bl =g T g =7 T~
w6 F T ass 07561 //(83
/
4 Tl T [ el
///(05 Iyl /// Iy}
a8 f/(sm_ ags! e
IS e
i ,/ nwm— | //wm—
A—— T8 el
G6l , /zlime G6l / //Ilme
e - T —
Y a@se L6l Lqzee GEl- 0Zc6  L¥¢l Lozes
q0¢6 DOg6



US 9,106,200 B2

1
PIEZOELECTRIC VIBRATING PIECE AND
PIEZOELECTRIC DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority benefit of Japan appli-
cation serial no. 2011-159493, filed on Jul. 21, 2011. The
entirety of the above-mentioned patent application is hereby
incorporated by reference herein and made a part of this
specification.

FIELD

This disclosure pertains to piezoelectric vibrating pieces
and piezoelectric devices that reduce the influence of bending
stress on their excitation units.

DESCRIPTION OF THE RELATED ART

A known piezoelectric vibrating piece includes an excita-
tion unit, which vibrates at a predetermined vibration fre-
quency, a framing portion, which surrounds the excitation
unit, and a connecting portion that connects the excitation
unit and the framing portion together. The piezoelectric
vibrating piece forms a piezoelectric device with a lid plate
and a base plate, which are bonded on both front and back
sides of the framing portion. The piezoelectric device is used
to be mounted on, for example, a printed circuit board. A
problem arises in that impact applied to the connecting por-
tion due to dropping of the piezoelectric device would exert
stress on the connecting portion, thus it may cause damage to
the connecting portion.

To solve such problem, for example, Japanese Unexam-
ined Patent Publication No. 2006-238263 discloses a piezo-
electric vibrating piece that is formed of a groove portion,
which has a connecting portion formed in a recessed shape at
both front and hack sides of the excitation unit, and flat
portions, which are disposed at the same surfaces of both
front and back sides of the excitation unit. In the piezoelectric
vibrating piece of Japanese Unexamined Patent Publication
No. 2006-238263, two connecting portions are formed of the
groove portions and the flat portions so as to prevent stress
concentration at the two connecting portions. This improves
the impact resistance of the piezoelectric vibrating piece in
Japanese Unexamined Patent Publication No. 2006-238263.

On the other hand, the piezoelectric device is possibly
exerted bending stress from the printed circuit board. The
bending stress on the piezoelectric device affects the piezo-
electric vibrating piece and changes the property of vibration
frequency of the excitation unit. Thus, the piezoelectric
vibrating piece is required not only to have impact resistance,
but also to reduce the bending stress on the excitation unit.
Stress applied to the excitation unit changes the property of
vibration frequency ofthe excitation unit. Since the excitation
unit disclosed in Japanese Unexamined Patent Publication
No. 2006-238263 is supported by the two connecting por-
tions, the bending stress affects the excitation unit.

Therefore, there is a need for a piezoelectric vibrating piece
and a piezoelectric device that have impact resistance and
reduce the influence of bending stress on the excitation unit.

SUMMARY

A first aspect of a piezoelectric vibrating piece includes an
excitation unit in a rectangular shape, a framing portion, and
a connecting portion. The excitation unit includes a first side
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2

and a second side. The first side extends in a first direction.
The second side extends in a second direction perpendicular
to the first direction. The framing portion surrounds the exci-
tation unit. The connecting portion connects the first side of
the excitation unit and the framing portion together. The
connecting portion has a thickness of a first thickness in a
third direction perpendicular to the first direction and the
second direction. The excitation unit includes a first region, a
second region, and a third region. The pair of excitation
electrodes are disposed on both main surfaces of the first
region. The second region includes at least a part of the first
side. The second region with the first thickness is directly
connected to the connecting portion. The third region is dis-
posed between the first region and the second region. The
third region is a region other than the first region and the
second region. The third region has a thickness in the third
direction of a second thickness. The second region has a
thickness in the third direction. The thickness in the third
direction is thicker than the second thickness.

In the first aspect, a second aspect of a piezoelectric vibrat-
ing piece includes the first side that has a length shorter than
a length of the second side. In the first aspect or the second
aspect, a third aspect of a piezoelectric vibrating piece
includes the connecting portion that is connected to a center
of the first side. In any one of the first aspect to the third
aspect, a fourth aspect is directed to a piezoelectric vibrating
piece where a thickness of the first region in the third direction
is thicker than the second thickness. In the fourth aspect, a
fifth aspect of a piezoelectric vibrating piece includes the first
region that is connected to the third region by a first taper
surface. The first taper surface has a predetermined angle with
respect to the third direction. In any one of the first aspect to
the fifth aspect, a sixth aspect of a piezoelectric vibrating
piece includes the second region that is connected to the third
region by a second taper surface. The second taper surface has
a predetermined angle with respect to the third direction.

In any one of the first aspect to the fifth aspect, a seventh
aspect of a piezoelectric vibrating piece includes a first aux-
iliary connecting portion disposed on a side surface in the first
direction of the connecting portion. The first auxiliary con-
necting portion has a third thickness. The third thickness is
thinner than the first thickness and thicker than the second
thickness. The second region of the excitation unit includes a
first connecting region and a second connecting region. The
first connecting region has the first thickness. The first con-
necting region is directly connected to the connecting portion.
The second connecting region has the third thickness. The
second connecting region is connected to the first auxiliary
connecting portion. In the seventh aspect, an eighth aspect of
a piezoelectric vibrating piece includes the second connect-
ing region that is disposed in a whole region between the first
connecting region and the third region. In any one of the
fourth aspect to the sixth aspect, a ninth aspect directed to a
piezoelectric vibrating piece where the thickness of the first
region in the third direction is the first thickness.

In the seventh aspect or the eighth aspect, a tenth aspect is
directed to a piezoelectric vibrating piece where the thickness
of the first region in the third direction is the third thickness.
In any one of the first aspect to the sixth aspect, an eleventh
aspect of a piezoelectric vibrating piece further includes a
second auxiliary connecting portion disposed on a side sur-
face in the first direction of the connecting portion. The sec-
ond auxiliary connecting portion has the second thickness. In
the eleventh aspect, a twelfth aspect of a piezoelectric vibrat-
ing piece includes the second auxiliary connecting portion
that connects the end surface in the first direction of the
connecting portion to the first side and the framing portion
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with one of a curved surface and a planar surface. The planar
surface has a normal line. The normal line is inclined from the
first direction to the second direction by a predetermined
angle.

In any one of the first aspect to the twelfth aspect, a thir-
teenth aspect is directed to a piezoelectric vibrating piece
where a corner portion on a side surface at the excitation
electrode side of the second region is chamfered to have one
of'a curved surface and a planar surface. In any one of the first
aspect to the thirteenth aspect, a fourteenth aspect is directed
to a piezoelectric vibrating piece where the connecting por-
tion has a width of a first width in the first direction, the
second region has a width of a second width in the first
direction, the second region includes the first side with the
second width, and the first width is smaller than the second
width. In any one of the first aspect to the fourteenth aspect, a
fifteenth aspect of a piezoelectric vibrating piece further
includes auxiliary frame portions disposed at respective four
corners on side surfaces at the excitation unit side of the
framing portion. The auxiliary frame portion includes a side
surface facing the excitation unit. The side surface faces the
excitation unit having one of a curved surface and a planar
surface. The planar surface has a normal line inclined from
the first direction to the second direction by a predetermined
angle. In the fifteenth aspect, a sixteenth aspect is directed to
a piezoelectric vibrating piece where a thickness of the aux-
iliary frame portion in the third direction is one of a thickness
of the framing portion in the third direction, the first thick-
ness, and the second thickness. A seventeenth aspect of a
piezoelectric device includes the piezoelectric vibrating piece
according to any one of the first aspect to the sixteenth aspect,
a lid plate bonded to one main surface of the framing portion
in the piezoelectric vibrating piece, and a base plate bonded to
another main surface of the framing portion in the piezoelec-
tric vibrating piece.

With the piezoelectric vibrating piece and the piezoelectric
device according to the present invention, the piezoelectric
vibrating piece has impact resistance, and the influence of the
bending stress on the excitation unit is reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded perspective view of a piezoelectric
device 100 according to a first embodiment.

FIG. 2A is a cross-sectional view of the piezoelectric
device 100.

FIG. 2B is a plan view of a piezoelectric vibrating piece
130.

FIG. 3A is a plan view of the piezoelectric vibrating piece
130 without electrodes.

FIG. 3B is a cross-sectional view of the piezoelectric
vibrating piece 130.

FIG. 4A is a plan view of a piezoelectric vibrating piece
230.

FIG. 4B is a cross-sectional view of the piezoelectric
vibrating piece 230.

FIG. 4C is an enlarged partial cross-sectional view of the
piezoelectric vibrating piece 230.

FIG. 5A is a schematic cross-sectional view of a printed
circuit hoard 200 and the piezoelectric device 100 mounted
on the printed circuit board 200.

FIG. 5B is a schematic plan view of a piezoelectric vibrat-
ing piece 330a.

FIG. 5C is a schematic plan view of a piezoelectric vibrat-
ing piece 3304.

FIG. 6 is a graph showing stress on the center of a first
region 131a.
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FIG. 7A is a graph showing the maximum stress applied to
a connecting portion in the case where stress is applied to the
piezoelectric vibrating piece.

FIG. 7B is a graph showing stress applied to the center of
the first region 1314 in the excitation unit.

FIG. 8A is a cross-sectional view of a piezoelectric vibrat-
ing piece 430a according to a second embodiment.

FIG. 8B is a cross-sectional view of a piezoelectric vibrat-
ing piece 4305.

FIG. 9A is a plan view of a piezoelectric vibrating piece
530a according to a third embodiment.

FIG. 9B is a cross-sectional view of the piezoelectric
vibrating piece 530a.

FIG. 9C is a cross-sectional view of the piezoelectric
vibrating piece 530a.

FIG. 10A is a plan view of a piezoelectric vibrating piece
5305.

FIG. 10B is a cross-sectional view of the piezoelectric
vibrating piece 5305.

FIG. 11 includes both schematic diagram (right) and flow
chart (left) of a method for manufacturing the piezoelectric
vibrating piece 5305, wherein the schematic diagram
includes four parts: (a), (b), (c) and (d), and each part corre-
sponds to the steps of the flow chart of the manufacturing
method.

FIG. 12 includes both schematic diagram (right) and flow
chart (left) of the rest of processes of the method for manu-
facturing the piezoelectric vibrating piece 5304 in FIG. 11,
wherein the schematic diagram includes four parts: (a), (b),
(c) and (d), and each part corresponds to the steps of the flow
chart of the manufacturing method.

FIG. 13A is a plan view of a piezoelectric vibrating piece
630a according to a fourth embodiment.

FIG. 13B is a partial plan view of a piezoelectric vibrating
piece 6305.

FIG. 13C is a partial plan view of a piezoelectric vibrating
piece 630c.

FIG. 14A is a plan view of a piezoelectric vibrating piece
730a.

FIG. 14B is a partial plan view of a piezoelectric vibrating
piece 7305.

FIG. 14C is a partial plan view of a piezoelectric vibrating
piece 730c.

FIG. 15A is a partial plan view of a piezoelectric vibrating
piece 830a.

FIG. 15B is a partial plan view of a piezoelectric vibrating
piece 8305.

FIG. 15C is a partial plan view of a piezoelectric vibrating
piece 830c.

FIG. 15D is a partial plan view of a piezoelectric vibrating
piece 830d.

FIG. 16A is a plan view of a piezoelectric vibrating piece
930a.

FIG. 16B is a plan view of a piezoelectric vibrating piece
9305.

DETAILED DESCRIPTION

Each embodiment of the present invention is described
below by referring to the accompanying drawings. It will be
understood that the scope of the disclosure is not limited to the
described embodiments, unless otherwise stated.
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First Embodiment

<Configuration of a Piezoelectric Device 100>

FIG. 1 is an exploded perspective view of a piezoelectric
device 100. The piezoelectric device 100 includes a lid plate
110, a base plate 120 and a piezoelectric vibrating piece 130.
The piezoelectric vibrating piece 130 employs, for example,
an AT-cut quartz-crystal vibrating piece. The AT-cut quartz-
crystal vibrating piece has a principal surface (in the Y-Z
plane) that is tilted by 35° 15' about the Y axis of the crystal
coordinate system (XYZ) in the direction from the Z axis to
theY axis around the X axis. In the following description, the
new axises tilted with reference to the axis directions of the
AT-cut quartz-crystal vibrating piece are denoted as the Y'
axis and the 7' axis. Therefore, in description of the piezo-
electric device 100, the longitudinal direction of the piezo-
electric device 100 is referred as the X axis direction, the
height direction of the piezoelectric device 100 is referred as
the Y' axis direction, and the direction perpendicular to the X
axis and Y' axis directions is referred as the Z' axis direction.

The piezoelectric vibrating piece 130 includes an excita-
tion unit 131, which vibrates at a predetermined vibration
frequency, a framing portion 132, which surrounds the exci-
tation unit 131, and a connecting portion 133, which connects
the excitation unit 131 and the framing portion 132 together.
Regions other than the connecting portion 133 located
between the excitation unit 131 and the framing portion 132
constitute a space 136 which passes through the piezoelectric
vibrating piece 130 in the Y' axis direction. Excitation elec-
trodes 134 are formed on a surface at +Y" axis side and on a
surface at —Y" axis side of the excitation unit 131. Extraction
electrodes 135 are respectively extracted from the excitation
electrodes 134 and passes through the connecting portion 133
to the framing portion 132.

The base plate 120 is arranged at -Y' axis side of the
piezoelectric vibrating piece 130. The base plate 120 is
formed in a rectangular shape that has long sides in the X axis
direction and short sides in the Z' axis direction. A pair of
mounting terminals 124 are formed on a surface at -Y" axis
side of the base plate 120. Through the mounting terminals
124 being soldered and electrically connected to a printed
circuit board or the like, the piezoelectric device 100 is
mounted on the printed circuit board or the like. Castellations
126 are formed on side surfaces at four corners of the base
plate 120, while side-surface electrodes 125 are formed at the
castellations 126. A recess 121 is formed on a surface at the
+Y" axis side of the base plate 120, and a bonding surface 122
is formed in a peripheral area of the recess 121. Connecting
electrodes 123 are formed at four corners, which are periph-
eral areas of the castellations 126, of the bonding surface 122.
The connecting electrodes 123 are electrically connected to
the mounting terminals 124 via the side-surface electrodes
125, which are formed at the castellations 126. The base plate
120 is bonded on a surface at the -Y" axis side of the framing
portion 132 of the piezoelectric vibrating piece 130 via a
sealing material 141 (see FIGS. 2A and 2B) at the bonding
surface 122. At this time, the connecting electrodes 123 and
the extraction electrodes 135 of the piezoelectric vibrating
piece 130 are electrically connected.

The lid plate 110 is arranged at the +Y" axis side of the
piezoelectric vibrating piece 130. A recess 111 is formed on a
surface at —-Y" axis side of the lid plate 110, and a bonding
surface 112 is formed in a peripheral area of the recess 111.
Thelid plate 110 is bonded on a surface at the +Y" axis side of
the framing portion 132 in the piezoelectric vibrating piece
130 via the sealing material 141 (see FIGS. 2A and 2B) at the
bonding surface 112.
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FIG. 2A is a cross-sectional view of the piezoelectric
device 100. FIG. 2A is the cross-sectional view taken along
the line A-A of FIG. 1. The piezoelectric device 100 is bonded
to the bonding surface 112 of the lid plate 110 via the sealing
material 141, at the surface on the +Y" axis side of the framing
portion 132 in the piezoelectric vibrating piece 130, and
bonded to the bonding surface 122 of the base plate 120 via
the sealing material 141, at the surface on the -Y" axis side of
the framing portion 132. When the framing portion 132 of the
piezoelectric vibrating piece 130 is bonded to the bonding
surface 122 of the base plate 120, the extraction electrodes
135, which are formed on the surface at the =Y" axis side of
the framing portion 132, are electrically connected to the
connecting electrodes 123, which are formed on the bonding
surface 122 of the base plate 120. Accordingly, the excitation
electrodes 134 are electrically connected to the mounting
terminals 124 via the extraction electrodes 135, the connect-
ing electrodes 123, and the side-surface electrodes 125.

FIG. 2B is a plan view of the piezoelectric vibrating piece
130. The piezoelectric vibrating piece 130 includes the exci-
tation unit 131, the framing portion 132, which surrounds the
excitation unit 131, and one connecting portion 133, which
connects the excitation unit 131 and the framing portion 132
together. The connecting portion 133 is connected to the
center of a first side 1384, which is a side at the —X axis side
of'the excitation unit 131, and extends in the —X axis direction
to be connected to the framing portion 132. In addition,
regions other than the connecting portion 133 located
between the excitation unit 131 and the framing portion 132
constitute the space 136, which passes through the piezoelec-
tric vibrating piece 130 in the Y' axis direction. The excitation
unit 131 is formed in a rectangular shape that includes the first
side 1384 and second sides 1385, wherein the second sides
1385 are sides at the +7' axis side and the -Z' axis side of the
excitation unit 131. The excitation unit 131 can be separated
into a first region 131a where the excitation electrodes 134 are
formed, a second region 13154 that is directly connected to the
connecting portion 133, and a third region 131c that is a
region other than the first region 131 and the second region
13154. The third region 131¢ is formed between the first region
131a and the second region 1314.

The extraction electrode 135 formed on the surface at the
+Y' axis side of the piezoelectric vibrating piece 130 and
extracted from the excitation electrodes 134 passes through
the third region 131c¢, the second region 1315, and the con-
necting portion 133, connected to the framing portion 132 at
the -X axis side, extends in the +X axis direction via the +Z7'
axis side of the framing portion 132, extracted from the sur-
face at +Y" axis side to the surface at the —Y" axis side via a
side surface 1354 including a corner portion at the +7' axis
side and the +X axis side of the framing portion 132, which
faces the space 136 (see FIG. 1, FIG. 2A, and FIG. 2B), and
formed over the corner portion at the +7!' axis side and the +X
axis side of the surface at the -Y" axis side of the framing
portion 132. The extraction electrode 135 extracted from the
excitation electrode 134 and formed on the surface at the -Y'
axis side, is extracted via the second region 13156 and the
connecting portion 133 to the framing portion 132 at the -X
axis side, extends in the —Z' axis direction, and formed over
the corner portion at the -7 axis side and the -X axis side on
the surface at the -Y" axis side of the framing portion 132.

FIG. 3A is a plan view of the piezoelectric vibrating piece
130 without electrodes. The excitation unit 131 has the first
side 138a with a length I.Z1 and a second side 1385 with a
length LX2. In the piezoelectric vibrating piece 130, the first
side 138a is the short side of the excitation unit 131 and the
second side 1385 is the long side. Thus, the length L.Z1 is
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smaller than the length [.X2. The framing portion 132 of the
piezoelectric vibrating piece 130 has a length WX1 as the
whole length in the X axis direction, a length WZ1 as the
whole length in the 7' axis direction, a width of WX2 as a
width in the X axis direction of a part of the framing portion
132 that extends in the 7' axis direction, and a width of WZ2
as a width in the 7' axis direction of a part of the framing
portion 132 that extends in the X axis direction. In the piezo-
electric vibrating piece 130, for example, the respective
lengths and widths are formed such that the length LZ1 is 1.0
mm, the length [.X2 is 1.4 mm, the length WX1 is 2.0 mm, the
width WX2 is 0.2 mm, the length WZ1 is 1.6 mm, and the
width WZ2is 0.2 mm. Assume that the piezoelectric vibrating
piece 130 includes the connecting portion 133 with a length in
the 7' axis direction defined as a length RZ1 and the second
region 1315 with a length in the X axis direction defined as a
length RX1. The piezoelectric vibrating piece 130 is formed
to have, for example, the length RZ1 0f 0.2 mm and the length
RX1 of 0.1 mm.

FIG. 3B is a cross-sectional view of the piezoelectric
vibrating piece 130. FIG. 3B is a cross-sectional view taken
along the line B-B of FIG. 2B. The piezoelectric vibrating
piece 130 is formed to have a fourth thickness T4 as a thick-
ness of the framing portion 132 in the Y' axis direction, a first
thickness T1 as a thickness in the Y' axis direction of the
connecting portion 133 and the second region 1315 of the
excitation unit 131, and a second thickness T2 as a thickness
in the Y' axis direction of the first region 131a and the third
region 131c¢ of the excitation unit 131. The piezoelectric
vibrating piece 130 is formed to have, for example, the fourth
thickness T4 of 80 pum the first thickness T1 of 70 um, and the
second thickness T2 of 40 um.

<Configuration of a Piezoelectric Vibrating Piece 230>

In the first region 131a of the piezoelectric vibrating piece,
a mesa portion that is thicker in the Y' axis direction than the
third region 131¢ may be formed. As a modification of the
piezoelectric vibrating piece 130, a piezoelectric vibrating
piece 230 including a mesa portion will be described below.
Like reference numerals designate corresponding or identical
elements to those of the piezoelectric vibrating piece 130, and
therefore such elements will not be further elaborated here.

FIG. 4A is a plan view of the piezoelectric vibrating piece
230. The piezoelectric vibrating piece 230 is a mesa-type
piezoelectric vibrating piece where the first region 131a of the
excitation unit 131 is thicker than the third region 131c in the
Y" axis direction. The mesa-type piezoelectric vibrating piece
is capable to reduce flexure vibration, which is unnecessary
vibration for thickness shear vibration of the excitation unit,
and suppress degradation of properties such as crystal imped-
ance (CI) value. Other configurations of the piezoelectric
vibrating piece 230 are similar to those of the piezoelectric
vibrating piece 130.

FIG. 4B is a cross-sectional view of the piezoelectric
vibrating piece 230. FIG. 4B is a cross-sectional view taken
along the line C-C of FIG. 4A. In the piezoelectric vibrating
piece 230, the thickness in the Y' axis direction of the first
region 131a, the thickness in the Y' axis direction of the
connecting portion 133, and the thickness of the second
region 131/ are respectively formed to be the first thickness
T1. The first thickness T1 is thicker than the second thickness
T2, which is the thickness of the third region 131c¢ in the Y’
axis direction.

FIG. 4C is an enlarged partial cross-sectional view of the
piezoelectric vibrating piece 230. FIG. 4C is an enlarged view
of'a frame 161 surrounded by a dotted line in FIG. 4B. In the
piezoelectric vibrating piece 230, the second region 1315 and
the first region 131a are further formed to have a thickness T5
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from the third region 131¢ in the +Y" axis direction and a
thickness T5 from the third region 131¢ in the —Y" axis direc-
tion. That is, in the piezoelectric vibrating piece 230, the
second region 1315 and the first region 1314 have the same
thickness and are formed to have the same thickness from the
third region 131c¢ in the +Y" axis direction and the -Y" axis
direction. Thus, in the manufacturing process of the piezo-
electric vibrating piece 230, the structures of the connecting
portion 133, the second region 1315, and the first region 131a
are formed in one etching process at the same time. Accord-
ingly, compared with the piezoelectric vibrating piece 130, in
the piezoelectric vibrating piece 230, a mesa-type piezoelec-
tric vibrating piece is manufactured such that the first region
131a is formed thicker than the third region 131cin the Y' axis
direction without increasing processes.

<Simulation>

In the case where bending stress is applied to a printed
circuit board on which the piezoelectric device is mounted,
the bending stress is also applied to the piezoelectric device
and the piezoelectric vibrating piece. The bending stress
applied to a portion of the piezoelectric vibrating piece and its
value can be calculated in simulation. It is confirmed that the
simulation value is close to a value of the actually measured
bending stress. A simulation result of bending stress on the
piezoelectric vibrating piece in the case where bending stress
is applied to a printed circuit board on which the piezoelectric
device is mounted is described below. Like reference numer-
als designate corresponding or identical elements to those of
the piezoelectric vibrating piece 130, and therefore such ele-
ments will not be further elaborated here.

FIG. 5A is a schematic cross-sectional view of a printed
circuit board 200 and the piezoelectric device 100 mounted
on the printed circuit board 200. The piezoelectric device 100
is mounted on the surface at the +Y" axis side of the printed
circuit board 200. In the simulation, it is assumed that a force
170 in the +Y" axis direction is applied to the surface at the -Y"
axis side of the printed circuit board 200 so as to generate
bending stress at the printed circuit board 200. In the simula-
tion, two cases are assumed. In one case, the bending stress
bends the printed circuit board 200 in the X axis direction
(X-axis bending in which the right direction in FIG. 5A is the
+X axis direction). In the other case, the bending stress bends
the printed circuit board 200 in the Z' axis direction (Z'-axis
bending in which the right direction in FIG. 5A is the +7' axis
direction).

FIG. 5B is a schematic plan view of a piezoelectric vibrat-
ing piece 330a. In FIG. 5B, electrodes formed on the piezo-
electric vibrating piece 330q are not illustrated, and external
appearance is merely illustrated. The piezoelectric vibrating
piece 330a includes an excitation unit 331, the framing por-
tion 132, and a connecting portion 3334, which connects the
excitation unit 331 and the framing portion 132 together. The
excitation unit 331 includes the first region 131a, on which
the excitation electrode is formed, and a peripheral region
3315, which surrounds the first region 131a. The first region
131a has the first thickness T1 in the Y" axis direction, and the
peripheral region 3315 has the second thickness T2 in the Y’
axis direction. The second thickness T2 is thinner than the
first thickness T1. The connecting portion 3334 has the sec-
ond thickness T2 in the Y' axis direction and a width L1a in
the 7' axis direction. The connecting portion 3334 connects
the center of a side in the -X axis side of the excitation unit
331 and the framing portion 132 together.

FIG. 5C is a schematic cross-sectional view of a piezoelec-
tric vibrating piece 3305. In FIG. 5C, electrodes formed on
the piezoelectric vibrating piece 3305 are not illustrated, and
external appearance is merely illustrated. The piezoelectric
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vibrating piece 3305 includes the excitation unit 331, the
framing portion 132, a pair of connecting portions 3335,
which connect the excitation unit 331 and the framing portion
132 together. In the piezoelectric vibrating piece 3304, the
pair of the connecting portions 3335 are respectively con-
nected to the ends of the +Z' axis side and the -Z' axis side in
a side at the —X axis side of the excitation unit 331. Each
connecting portion 3335 has a width .15 in the 7' axis direc-
tion.

FIG. 6 is a graph showing stress on the center of the first
region 131a. The vertical axis indicates stress applied on the
center of the first region 131a in the excitation unit 331.
Positive values indicate tensile stress, while negative values
indicate compressive stress. The horizontal axis indicates
respective cases of Z'-axis bendings and X-axis bendings,
wherein the piezoelectric vibrating piece 330q includes the
connecting portion 333a with the width .14 0 0.32 mm, 0.52
mm, and 0.72 mm, and the piezoelectric vibrating piece 3305
includes the connecting portions 3335 with the width .16 of
0.34 mm.

In the case where the width [.1a of the piezoelectric vibrat-
ing piece 330q is 0.32 mm, a stress of -0.55 MPa is applied in
the Z'-axis bending, and a stress of 0.06 MPa is applied in the
X-axis bending. In the case where the width Lla of the
piezoelectric vibrating piece 330a is 0.52 mm, a stress of
-2.05 MPa is applied in the Z'-axis bending, and a stress of
0.38 MPa is applied in the X-axis bending. In the case where
the width L1a ofthe piezoelectric vibrating piece 330a is 0.72
mm, a stress of =3.66 MPa is applied in the Z'-axis bending,
and a stress of 0.90 MPa is applied in the X-axis bending. In
the case where the width L15 of the piezoelectric vibrating
piece 3304 is 0.34 mm, a stress of —4.30 MPa is applied in the
7'-axis bending, and a stress of 0.84 MPa is applied in the
X-axis bending.

The graph in FIG. 6 shows that the stress on the center of
the first region 131a with one connecting portion is smaller
than the stress with two connecting portions. In the case of
one connecting portion, the thinner width [.1a of the connect-
ing portion provides the smaller stress on the center of the first
region 1314 of the excitation unit. Accordingly, the graph in
FIG. 6 shows that the stress on the center of the first region
131a in the excitation unit is smaller with one connecting
portion and with a thinner width of the connecting portion in
the 7' axis direction than two connecting portions and with a
thicker width thereof.

FIG. 7A is a graph showing the maximum stress applied to
the connecting portion in the case where stress is applied to
the piezoelectric vibrating piece. FIG. 7A is a simulation
result assuming that a stress of 3000 G is applied to a surface
of'the piezoelectric device at the +Y" axis side. In FIG. 7A, the
vertical axis indicates the maximum stress applied to the
connecting portion, while the horizontal axis indicates the
piezoelectric vibrating piece 330qa, a piezoelectric vibrating
piece 230a, a piezoelectric vibrating piece 2305, and the
piezoelectric vibrating piece 3305. In the piezoelectric vibrat-
ing piece 230 illustrated in FIG. 4B, the piezoelectric vibrat-
ing piece 230a and the piezoelectric vibrating piece 2305
respectively have widths RZ1 of 0.32 mm and 0.23 mm in the
connecting portion 133, while the connecting portion 133 and
the second region 1315 respectively have thicknesses of 50
pm and 70 pm in the Y axis direction. Maximum stress of 74.3
MPa is applied to the connecting portion of the piezoelectric
vibrating piece 330a. Maximum stress of 34.6 MPa is applied
to the piezoelectric vibrating piece 230a. Maximum stress of
24.4 MPa is applied to the piezoelectric vibrating piece 2305.
Maximum stress of 36.2 MPa is applied to the piezoelectric
vibrating piece 3304.
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Comparison between the piezoelectric vibrating piece
330q and the piezoelectric vibrating piece 230a reveals that
an increase in thickness of the connecting portion decreases
stress on the connecting portion. Although the piezoelectric
vibrating piece 230a and the piezoelectric vibrating piece
2305 are formed to have approximately the same cross-sec-
tional area of the connecting portion in the Y'-Z' plane, the
smaller stress is applied to the connecting portion of the
piezoelectric vibrating piece 23056. It is assumed that the
piezoelectric vibrating piece 2305 has the connecting portion
with larger thickness than that of the piezoelectric vibrating
piece 230a. While the piezoelectric vibrating piece 3305 has
two connecting portions, the stress on the connecting portion
is larger than that on the piezoelectric vibrating piece 230a
and the piezoelectric vibrating piece 2304.

FIG. 7B is a graph showing stress applied to the center of
the first region 131q in the excitation unit. FIG. 7B shows
stresses on the piezoelectric vibrating piece 330q, the piezo-
electric vibrating piece 230qa, and the piezoelectric vibrating
piece 2305. The result of the piezoelectric vibrating piece
230a is the same result shown in FIG. 6, which is plotted again
for comparison. In the piezoelectric vibrating piece 230a and
the piezoelectric vibrating piece 2304, values of stresses that
are close to values of the piezoelectric vibrating piece 330a
are calculated. The piezoelectric vibrating piece 230a and the
piezoelectric vibrating piece 2305 each undergo a small stress
atthe first region 1314, similarly to the piezoelectric vibrating
piece 330a.

These results show that the piezoelectric vibrating piece
with the connecting portion having a small width undergoes
the small stress at the excitation unit (see FIG. 6). It is pre-
dicted that the connecting portion with a large thickness
decreases the stress on the connecting portion, thus ensuring
high impact resistance (see FIG. 7A). Further, it is confirmed
that if the connecting portion increases in thickness and cross-
sectional area, the stress on the excitation unit does not sig-
nificantly change (see FIG. 7B). For example, although the
piezoelectric vibrating piece 330a undergoes a small stress at
the excitation unit (see FIG. 6), a large stress is applied to the
connecting portion (see FIG. 7A). This causes low impact
resistance. However, the piezoelectric vibrating piece 230a
and the piezoelectric vibrating piece 2305 each keep small
stress at the connecting portion (FIG. 7A) and the first region
131a of the excitation unit (see FIG. 7B), which is preferred.
That is, it is preferred that the connecting portion of the
piezoelectric vibrating piece be formed to have a small width
and a large thickness. Further, in the excitation unit, stress
concentrates on the corner portions (for example, corner por-
tions 196 in FIG. 4), which are constituted of the connecting
portion 133 and the first side 1384. This likely causes damage
by cracking from the corner portions. The cracking occurs in
directions making the same angle from the side surface of the
connecting portion 133 and from the first side 138a (in the
directions indicated by white arrows 197 in FIG. 4A), which
form the corner portions. In the piezoelectric vibrating piece
230q and the piezoelectric vibrating piece 2305, thicknesses
in the Y' axis direction of the cracking directions at the corner
portions are formed to be thick. This increases the strength of
the corner portions. This reduces cracking from the corner
portions, which are formed of the connecting portion 133 and
the first side 1384, thus preventing damage on the excitation
unit.

Second Embodiment

Steps at the excitation unit and the connecting portion of
the piezoelectric vibrating piece may be formed in a taper
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surface. A piezoelectric vibrating piece 430q and a piezoelec-
tric vibrating piece 4306 that include taper surfaces is
described below.

<Configuration of the Piezoelectric Vibrating Piece 430a>

FIG. 8A is a cross-sectional view of the piezoelectric
vibrating piece 430a. The piezoelectric vibrating piece 430a
includes an excitation unit 431a, the framing portion 132, and
a connecting portion 433. The piezoelectric vibrating piece
430q has a shape where taper surfaces 171 are formed at a
boundary of the second region 1315 next to the third region
131c in the piezoelectric vibrating piece 130 (see FIG. 3B)
and at a boundary of the connecting portion 433 next to the
framing portion 132. The taper surfaces 171 are formed such
that an angle between the +Y" axis direction and each direc-
tion normal to the taper surface 171 is less than 90 degrees.
The extraction electrode 135 formed on the piezoelectric
vibrating piece 430a is extracted from the excitation electrode
134 to the framing portion 132 via the taper surfaces 171.

<Configuration of the Piezoelectric Vibrating Piece 43056>

FIG. 8B is a cross-sectional view of the piezoelectric
vibrating piece 4305. The piezoelectric vibrating piece 4305
includes an excitation unit 4314, the framing portion 132, and
a connecting portion 433. The piezoelectric vibrating piece
4305 includes taper surfaces 171 formed at a boundary of the
first region 131a next to the third region 131c¢ in the piezo-
electric vibrating piece 230 (see FIG. 4B), at a boundary of
the second region 1315 next to the third region 131c¢, and at a
boundary of the connecting portion 433 next to the framing
portion 132. The extraction electrode 135 formed on the
piezoelectric vibrating piece 4306 is extracted from the exci-
tation electrode 134 to the framing portion 132 via the taper
surfaces 171.

The electrodes formed on the piezoelectric vibrating piece
are formed by a method such as sputtering the electrodes in
the +Y' axis direction or in the -Y' axis direction of the
piezoelectric vibrating piece. At this time, in the case where
the electrodes are formed on the piezoelectric vibrating piece
with a step, thicknesses of the electrodes are reduced at the
corner portion of the step. This increases electrical resistance
of the electrodes. In the piezoelectric vibrating piece 430a
and the piezoelectric vibrating piece 4305, the extraction
electrode 135 is formed via the taper surfaces 171. This
increases the thicknesses of the electrodes formed at the cor-
ner portion, thus preventing increase in electrical resistance
of the electrodes.

Third Embodiment

In the connecting portion of the piezoelectric vibrating
piece, an auxiliary connecting portion may be formed on the
side surface of the connecting portion. A piezoelectric vibrat-
ing piece with the auxiliary connecting portion is described
below.

<Configuration of a Piezoelectric Vibrating Piece 530a>

FIG. 9A is a plan view of the piezoelectric vibrating piece
530a. The piezoelectric vibrating piece 530a includes an
excitation unit 531a, the framing portion 132, the connecting
portion 133, and first auxiliary connecting portions 533. The
first auxiliary connecting portions 533 are formed on the side
surfaces at the +Z' axis side and the —-Z' axis side of the
connecting portion 133. The second region 1315 of the exci-
tation unit 531a includes a first connecting region 5394 and a
second connecting region 5395. The first connecting region
539q is formed to have the same thickness as that of the
connecting portion 133 in the Y' axis direction. The first
connecting region 539a¢ is directly connected to the connect-
ing portion 133. The second connecting regions 53954 are
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formed at the +Z' axis side and the —-Z' axis side of the first
connecting region 539a. The second connecting region 5395
has the same thickness as that of the first auxiliary connecting
portion 533 in the Y' axis direction. The second connecting
regions 53954 are directly connected to the first auxiliary con-
necting portion 533. Other configurations are similar to those
of the piezoelectric vibrating piece 230 (see FIG. 4A).

FIG. 9B is a cross-sectional view of the piezoelectric
vibrating piece 530a. FIG. 9B is a cross-sectional view taken
along the line E-E of FIG. 9A. In the piezoelectric vibrating
piece 530a, the first connecting region 539a is formed to have
a thickness in the Y' axis direction of a first thickness T1,
while the second connecting region 5395 is formed to have a
thickness in the Y axis direction of a third thickness T3. The
third thickness T3 is thicker than the second thickness T2 of
the third region 131c¢ in the excitation unit 131, and thinner
than the first thickness T1 of'the first connecting region 539a.

FIG. 9C is a cross-sectional view of the piezoelectric
vibrating piece 530a. FIG. 9C is a cross-sectional view taken
along the line F-F of FIG. 9A. The connecting portion 133 is
formed to have the first thickness T1 in the Y" axis direction,
while the first auxiliary connecting portion 533 is formed to
have the third thickness T3 in the Y' axis direction. The
connecting portion 133 with the first thickness T1 is directly
connected to the first connecting region 5394, while the first
auxiliary connecting portion 533 with the third thickness T3
is directly connected to the second connecting region 5394.

Inthe case where the piezoelectric vibrating piece is deeply
etched in the Y' axis direction, the etched region of the piezo-
electric vibrating piece may not be etched parallel to the
etching direction. For example, in the piezoelectric vibrating
piece 530a without the first auxiliary connecting portion 533,
portions close to the center of the side surfaces in the Y' axis
direction at the +Z' axis side and the —-Z' axis side of the
connecting portion 133 are possibly formed to be hollowed
into the connecting portion 133 side. At this time, the hol-
lowed portions of the connecting portion 133 are formed to be
thin. This decreases strength of the connecting portion 133,
thus reducing impact resistance of the piezoelectric vibrating
piece. In the piezoelectric vibrating piece 530a, the first aux-
iliary connecting portion 533 is formed on the side surfaces at
the +7' axis side and the —-Z' axis side of the connecting
portion 133. Accordingly, the side surfaces at the +7' axis side
and the —7' axis side of the connecting portion 133 are not
largely hollowed into the connecting portion 133 side. The
strength of the connecting portion 133 is maintained, thus
preferably impact resistance of the piezoelectric vibrating
piece is prevented from decreasing.

<Configuration of a Piezoelectric Vibrating Piece 5305>

FIG. 10A is a plan view of the piezoelectric vibrating piece
53056. The piezoelectric vibrating piece 53056 includes an
excitation unit 5315, the framing portion 132, the connecting
portion 133, and the first auxiliary connecting portions 533.
In the piezoelectric vibrating piece 5305, a first connecting
region 539a and a third connecting region 539¢ are formed in
the second region 1315. On the side surfaces at the +7' axis
side and the -Z' axis side of the connecting portion 133, the
first auxiliary connecting portions 533 are formed. The first
connecting region 5394 is connected to the connecting por-
tion 133, while the third connecting region 539¢ is connected
to the first auxiliary connecting portions 533. The third con-
necting region 539¢ is formed in a peripheral area of the first
connecting region 5394 so as to separate the first connecting
region 539a and the third region 131c¢. Other configurations
are similar to those of the piezoelectric vibrating piece 230
(see FIG. 4A).
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FIG. 10B is a cross-sectional view of the piezoelectric
vibrating piece 5305. FIG. 10B is a cross-sectional view taken
along the line G-G of FIG. 10A. In the piezoelectric vibrating
piece 5305, the connecting portion 133 and the first connect-
ing region 539a are each formed to have a thickness in the Y’
axis direction of the fourth thickness T4. The first auxiliary
connecting portion 533, the third connecting region 539¢, and
the firstregion 131a are each formed to have a thickness in the
Y' axis direction of the first thickness T1.

In the piezoelectric vibrating piece 5305, the first auxiliary
connecting portion 533 is formed, similarly to the piezoelec-
tric vibrating piece 530a. Thus, the side surfaces at the +7!
axis side and the -7 axis side of the connecting portion 133
are not largely hollowed by etching. The first auxiliary con-
necting portion 533, the third connecting region 539¢, and the
first region 131a are formed to have the same thickness. Since
the first auxiliary connecting portion 533, the third connect-
ing region 539¢, and the first region 131a can be formed in
one etching process, the number of etching process can be
reduced.

<Method for Manufacturing the Piezoelectric Vibrating
Piece 5305>

A method for manufacturing the piezoelectric vibrating
piece 5305 is described by referring to FIG. 11 and FIG. 12.
In the right side of FIG. 11 and FIG. 12, schematic diagrams
to describe respective steps are illustrated. These diagrams
are partial cross-sectional views of a piezoelectric wafer
W530, which includes a plurality of piezoelectric vibrating
pieces 5305, corresponding to cross-sectional surfaces of the
piezoelectric vibrating piece 5305 taken along the line G-G of
FIG. 10A.

FIG. 11 includes both schematic diagram (right) and flow
chart (left) of a method for manufacturing the piezoelectric
vibrating piece 5305, wherein the schematic diagram
includes four parts: (a), (b), (¢) and (d), and each part corre-
sponds to the steps of the flow chart of the manufacturing
method. Namely, for the sake of convenience of description,
the steps in the left side of F1G. 11 respectively correspond to
the schematic diagrams of the right side of FIG. 11, wherein
part (a) of FIG. 11 corresponds to step S101, part (b) corre-
sponds to step S102, part (c) corresponds to step S103 and
part (d) corresponds to step S104.

In step S101, the piezoelectric wafer W530 is prepared.
Part (a) of FIG. 11 is a partial cross-sectional view of the
piezoelectric water W530. The piezoelectric wafer W530,
which is formed of a piezoelectric material, has planar sur-
faces at the +Y" axis side and the -Y" axis side. A plurality of
piezoelectric vibrating pieces 5305 are formed in the piezo-
electric water W530. The piezoelectric wafer W530 is formed
to have a thickness in the Y' axis direction of the fourth
thickness T4.

In step S102, metal layers 181 and photoresists 182 are
formed on the piezoelectric wafer W530. Part (b) of FIG. 11
is a partial cross-sectional view of the piezoelectric wafer
‘W530 on which the metal layers 181 and the photoresists 182
are formed. In step S102, the metal layers 181 are formed on
the surfaces at the +Y" axis side and the -Y" axis side of the
piezoelectric wafer W530. The metal layers 181 are formed,
for example, by forming a chromium (Cr) layer on the piezo-
electric wafer W530 and evaporating a gold (Au) layer onto a
surface of the chromium layer. Further, the photoresists 182
are formed on the surfaces of the metal layers 181.

In step S103, the photoresists 182 are exposed and devel-
oped, and the metal layers 181 are then removed. Part (c) of
FIG. 11 is a partial cross-sectional view of the piezoelectric
wafer W530 after the photoresists 182 are exposed and devel-
oped, and the metal layers 181 are removed. In step S103, the
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photoresists 182 are formed in regions at the +Y" axis side and
the —Y" axis side of regions corresponding to the first region
131a, the third region 131c¢, the third connecting region 539¢
of'the second region 13154, and the space 136 of the excitation
unit 5315 on the piezoelectric wafer W530, and the photore-
sists 182 are then exposed and developed. Further, the metal
layers 181 formed on the region where the photoresists 182
are developed are removed.

In step S104, the piezoelectric water W530 is etched. Part
(d) of FIG. 11 is a partial cross-sectional view of the piezo-
electric wafer W530 after the etching in step S104. A region
of'the piezoelectric wafer W530 to be etched is a region where
the photoresists 182 and the metal layers 181 are removed in
step S103. Surfaces at the +Y" axis side and the -Y" axis side
of the piezoelectric wafer W530 are etched. This ensures a
thickness of the first thickness T1 in the etched region of the
piezoelectric wafer W530. A region where the piezoelectric
wafer W530 is not etched includes the framing portion 132,
the connecting portion 133, and the first connecting region
539aq of the second region. Thicknesses in the'Y' axis direction
of'the region where these members are formed remains in the
fourth thickness T4.

FIG. 12 includes both schematic diagram (right) and flow
chart (left) of the rest of processes of the method for manu-
facturing the piezoelectric vibrating piece 5304 in FIG. 11,
wherein the schematic diagram includes four parts: (a), (b),
(c) and (d), and each part corresponds to the steps of the flow
chart of the manufacturing method. Namely, for the sake of
convenience of description, the steps in the left side of FIG. 12
respectively correspond to the schematic diagrams of the
right side of FIG. 12, wherein part (a) of FIG. 12 corresponds
to step S105, part (b) corresponds to step S106, part (c)
corresponds to step S107 and part (d) corresponds to step
S108.

In step S105, the photoresists 182 and the metal layers 181
are formed on the piezoelectric wafer W530. Step S105 is
performed after step S104 in FIG. 11. Part (a) of FIG. 12 is a
partial cross-sectional view of the piezoelectric wafer W530
where the photoresists 182 and the metal layers 181 are
formed. In step S105, the photoresists 182 and the metal
layers 181, which were formed on the piezoelectric wafer
W530, are all removed. Then, the metal layers 181 and the
photoresists 182 are formed again on the surfaces of the
piezoelectric wafer W530 at the +Y" axis side and the -Y" axis
side.

In step S106, the photoresists 182 are exposed and devel-
oped, the metal layers 181 are removed, and the piezoelectric
wafer W530 is then etched. Part (b) of FIG. 12 is a partial
cross-sectional view of the etched piezoelectric wafer W530.
In step S106, the photoresists 182, which are formed on the
regions at the +Y" axis side and the —Y" axis side correspond-
ing to the third region 131¢ of the excitation unit 53156 and the
space 136 in the piezoelectric wafer W530, are exposed and
developed. Further, the metal layers 181, which are formed on
the regions where the photoresists 182 are removed, are
removed. Then, the piezoelectric wafer W530 is etched, and a
thickness of the etched region on the piezoelectric wafer
W530 is formed to be the second thickness T2.

In step S107, the piezoelectric wafer W530 is etched, and
the space 136 is formed. Part (c¢) of FIG. 12 is a partial
cross-sectional view of the piezoelectric wafer W530 where
the space 136 is formed. In step S107, the photoresists 182
and the metal layers 181, which are formed on the piezoelec-
tric wafer W530 after step S106, are all removed. Then, the
metal layers 181 and the photoresists 182 are formed again on
the surfaces at the +Y" axis side and the —Y" axis side of the
piezoelectric water W530. Then, the photoresists 182, which
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are formed on the regions at the +Y" axis side and the -Y" axis
side corresponding to the space 136 of the piezoelectric wafer
W530, are exposed and developed. This removes the metal
layers 181 formed in the developed region. Further, the piezo-
electric wafer W530 is etched, and the etched region passes
through the piezoelectric water W530 in the Y' axis direction.
The region that passes through the piezoelectric wafer W530
in the Y' axis direction forms the space 136.

In step S108, clectrodes are formed on the piezoelectric
wafer W530. Part (d) of FIG. 12 is a partial cross-sectional
view of the piezoelectric wafer W530 on which the electrodes
are formed. In step S108, the photoresists 182 and the metal
layers 181, which are formed on the piezoelectric wafer
W530 after step S107, are all removed. Then, the excitation
electrodes 134 and the extraction electrodes 135 are formed
on the piezoelectric wafer W530.

As described above, the plurality of piezoelectric vibrating
pieces 5305 are formed in the piezoelectric wafer W530.
After step S108, the piezoelectric wafer W530 are bonded to
the lid wafer (not shown), which includes a plurality of lid
plates 110, and the base wafer (not shown), which includes a
plurality of base plates 120, via the sealing material 141 (see
FIG. 2A). Then, the piezoelectric device is formed by dicing
the bonded wafer into the piezoelectric devices.

In the process for manufacturing the piezoelectric vibrat-
ing piece 5305 illustrated in FIG. 11 and FIG. 12, the piezo-
electric wafer W530 is etched in step S104, step S106, and
step S107. In the piezoelectric vibrating piece 5304, the third
connecting region 539¢, the first region 131a, and the first
auxiliary connecting portion 533 are formed to have the same
thickness. Accordingly, as illustrated in step S106, one etch-
ing process is able to form the third connecting region 539c¢,
the first region 131a, and the first auxiliary connecting portion
533. This preferably reduces etching processes.

Fourth Embodiment

In a piezoelectric vibrating piece, stress often concentrates
at the corner portions, thus it may easily cause damage ini-
tially at the corner portions. A piezoelectric vibrating piece
that prevents this damage is described below.

<Configurations of a Piezoelectric Vibrating Piece 630a
and a Piezoelectric Vibrating Piece 6305>

The piezoelectric vibrating piece may have the second
region with a larger width in the 7' axis direction than the
width in the 7' axis direction of the connecting portion. The
piezoelectric vibrating piece 630a with the second region
having a larger width in the 7' axis direction than a width in
the 7' axis direction of the connecting portion is described
below.

FIG. 13A is a plan view of the piezoelectric vibrating piece
630a. The piezoelectric vibrating piece 630a includes an
excitation unit 631a, the framing portion 132, and the con-
necting portion 133. The excitation unit 631« includes the
second region 1315 with a width in the Z' axis direction of a
width L.Z2, while the second region 1315 includes the first
side 138a with a width of the width LZ2. The width LZ2 is
formed to be larger than the length RZ1 in the 7' axis direction
of the connecting portion 133. Thus, corner portions 191,
which are formed of the connecting portion 133 and the
excitation unit 631a, are formed to be surrounded by the
connecting portion 133 and the second region 1315, which
are formed to have the first thickness T1. Other configurations
are similar to those of the piezoelectric vibrating piece 130
(see FIG. 2B).

FIG. 13B is a partial plan view of the piezoelectric vibrat-
ing piece 6305. FIG. 13B illustrates the half plan view of the
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piezoelectric vibrating piece 6304 at the —X axis side. The
piezoelectric vibrating piece 6305 includes an excitation unit
6315, the framing portion 132, and the connecting portion
133. The excitation unit 6315 includes the second region 1315
with a width in the Z' axis direction of the width LZ1, which
is the same width as the width in the Z' axis direction of the
excitation unit 6315. Thus, corner portions 192, which are
formed of the connecting portion 133 and the excitation unit
63154, are formed to be surrounded by the connecting portion
133 and the second region 1315, which are formed to have the
first thickness T1. Other configurations are similar to those of
the piezoelectric vibrating piece 130 (see FIG. 2B).

FIG. 13C is a partial plan view of the piezoelectric vibrat-
ing piece 630c. FI1G. 13C illustrates the half plan view of the
piezoelectric vibrating piece 630¢ at the —X axis side. The
piezoelectric vibrating piece 630¢ includes an excitation unit
631c, the framing portion 132, the connecting portion 133,
and the first auxiliary connecting portion 533. In the piezo-
electric vibrating piece 630c¢, the first connecting region 5394
and a third connecting region 639¢ are formed in the second
region 1315 ofthe excitation unit 631c¢. On side surfaces at the
+7! axis side and the -Z' axis side of the connecting portion
133, the first auxiliary connecting portions 533 are formed.
The first connecting region 539aq is connected to the connect-
ing portion 133, while the third connecting region 639c¢ is
connected to the first auxiliary connecting portions 533. The
third connecting region 639c¢ is formed in the peripheral area
of the first connecting region 539a so as to separate the first
connecting region 539q and the third region 131¢. The exci-
tation unit 631c¢ includes the second region 1315 with a width
in the 7' axis direction of the width LZ3, while the second
region 1315 includes the first side 1384 with a width of the
width .Z3. The width 1.Z3 is formed to be larger than a width
RZ2, which includes the widths in the Z' axis direction of the
connecting portion 133 and the first auxiliary connecting
portion 533. Thus, corner portions 193, which are formed of
the first auxiliary connecting portion 533 and the excitation
unit 631c, are formed to be surrounded by the first auxiliary
connecting portion 533 and the third connecting region 639c¢,
which are formed to have the first thickness T1. Other con-
figurations are similar to those of the piezoelectric vibrating
piece 5305 (see FIG. 10A).

In the piezoelectric vibrating piece, stress is easily applied
to the corner portions, which are formed of the connecting
portion and the excitation unit. Crack initiation is likely to
occur from the corner portions in the piezoelectric vibrating
piece. In the piezoelectric vibrating piece 630a, the piezo-
electric vibrating piece 63054, and the piezoelectric vibrating
piece 630c, the corner portions 191, the corner portions 192,
and the corner portions 193 are formed to be thick in the Y'
axis direction. Since strengths of the corner portions are
increased, crackings from initiating at the corner portions
191, the corner portions 192, and the corner portions 193 can
be prevented.

<Configurations of a Piezoelectric Vibrating Piece 730q, a
Piezoelectric Vibrating Piece 7305, and a Piezoelectric
Vibrating Piece 730¢>

The piezoelectric vibrating piece may have the second
region with corner portions that are chamfered to have curved
surfaces or planar surfaces. A piezoelectric vibrating piece
where corner portions of the second region are chamfered is
described below.

FIG. 14A is a plan view of the piezoelectric vibrating piece
730a. The piezoelectric vibrating piece 730a includes an
excitation unit 731a, the framing portion 132, and the con-
necting portion 133. In the piezoelectric vibrating piece 730a,
the excitation unit 731« includes the second region 1315 with
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corner portions on the side surface at the excitation electrode
134 side. The corner portions are chamfered by cutting off to
have planar surfaces 739a. Other configurations are similar to
those of the piezoelectric vibrating piece 130 (see FIG. 2B).

FIG. 14B is a partial plan view of a piezoelectric vibrating
piece 7305. FIG. 4B illustrates the half plan view of the
piezoelectric vibrating piece 7305 at the —X axis side. In the
piezoelectric vibrating piece 7305, the second region 1316
includes a side surface at the excitation electrode 134 side.
This side surface is formed to have a curved surface 7395,
which has a partial circular shape in a plan view. Thus, the
second region 1316 does not include any corner portion.
Other configurations of the piezoelectric vibrating piece 7305
are similar to those of the piezoelectric vibrating piece 130
(see FIG. 2B).

FIG. 14C is a partial plan view of a piezoelectric vibrating
piece 730c. FIG. 4C illustrates the half plan view of the
piezoelectric vibrating piece 730c at the —X axis side. In the
piezoelectric vibrating piece 730¢, the second region 1316
includes a side surface that is formed to have a curved surface
739c at the excitation electrode 134 side. The curved surface
739c¢ has a shape including a two-mountain shape in the +X
axis direction in a plan view, and the second region 1315 does
not include any corner portion. Other configurations of the
piezoelectric vibrating piece 730c are similar to those of the
piezoelectric vibrating piece 130 (see FIG. 2B).

In the piezoelectric vibrating piece 7304, the piezoelectric
vibrating piece 7305, and the piezoelectric vibrating piece
730c, a corner portion with an angle equal to or less than 90
degrees is not formed in the second region of the excitation
unit. There is no portion on which stress concentrates in the
second region 1315, thus damage on the piezoelectric vibrat-
ing piece due to a corner portion of the second region 1315 is
prevented.

<Configurations of a Piezoelectric Vibrating Piece 830a, a
Piezoelectric Vibrating Piece 8305, and a Piezoelectric
Vibrating Piece 830c¢>

A second auxiliary connecting portion may be formed on a
corner portion between the connecting portion and the first
side of the excitation unit. A piezoelectric vibrating with the
second auxiliary connecting portion piece will be described
below.

FIG. 15A is a partial plan view of a piezoelectric vibrating
piece 830a. FIG. 15A illustrates the half plan view of the
piezoelectric vibrating piece 830a at the —-X axis side. The
piezoelectric vibrating piece 830a includes the excitation unit
131, the framing portion 132, the connecting portion 133, and
the second auxiliary connecting portions 833a. The second
auxiliary connecting portions 833a are formed at the +7' axis
side and the —7' axis side in the connecting portion 133. The
second auxiliary connecting portions 833a have a thickness in
the Y" axis direction of the second thickness T2 (see FIG. 3B),
which is the same as that of the third region 131¢. The second
auxiliary connecting portion 833« is formed to include corner
portions 194, which are formed between the connecting por-
tion 133 and the excitation unit 131 and between the connect-
ing portion 133 and the framing portion 132. Other configu-
rations are similarto those of the piezoelectric vibrating piece
130 (see FIG. 2B).

FIG. 15B is a partial plan view of the piezoelectric vibrat-
ing piece 8305. FIG. 15B illustrates the half plan view of the
piezoelectric vibrating piece 8304 at the —-X axis side. The
piezoelectric vibrating piece 8305 also has, similarly to the
piezoelectric vibrating piece 830a, a shape where the second
auxiliary connecting portions 8335 are formed in the piezo-
electric vibrating piece 130. The second auxiliary connecting
portions 8335, which are formed in the piezoelectric vibrating
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piece 8305, are formed to have the second thickness T2. The
second auxiliary connecting portions 8335 are formed at cor-
ner portions 194 formed between the connecting portion 133
and the excitation unit 131 and between the connecting por-
tion 133 and the framing portion 132. The second auxiliary
connecting portions 8335 are each formed to have a triangular
shape in a plan view in the X-Z' plane. The triangular shape
has two sides at side surfaces of the first side 1384 and the
connecting portion 133 and another side in a straight line,
which is not parallel to the X axis direction or the Z' axis
direction. Thus, as illustrated in FIG. 15B, a corner portion
with an angle equal to or less than 90 degrees is not formed
between the connecting portion 133 and the first side 138«
and between the connecting portion 133 and the framing
portion 132.

FIG. 15C is a partial plan view of the piezoelectric vibrat-
ing piece 830c. FIG. 15C illustrates the half plan view of the
piezoelectric vibrating piece 830c¢ at the —X axis side. The
piezoelectric vibrating piece 830c also has, similarly to the
piezoelectric vibrating piece 830a, a shape where the second
auxiliary connecting portions are formed in the piezoelectric
vibrating piece 130. The second auxiliary connecting por-
tions 833¢, which is formed in the piezoelectric vibrating
piece 830c¢, are formed to have the second thickness T2. The
second auxiliary connecting portions 833¢ are formed on the
side surfaces at the +Z' axis side and the -Z' axis side of the
connecting portion 133. The second auxiliary connecting por-
tion 833c¢ has a curved surface at the opposite side of the
connecting portion 133. The curved surface is recessed
toward the connecting portion 133 side. Thus, the corner
portions 194 between the second auxiliary connecting por-
tions 833c¢ and the first side 1384 and between the second
auxiliary connecting portions 833¢ and the framing portion
132 are not formed to have angles equal to or less than 90
degrees.

FIG. 15D is a partial plan view of a piezoelectric vibrating
piece 830d. FIG. 15D illustrates the half plan view of the
piezoelectric vibrating piece 8304 at the —X axis side. The
piezoelectric vibrating piece 8304 includes an excitation unit
831, the framing portion 132, the connecting portion 133, and
second auxiliary connecting portions 833d. The second aux-
iliary connecting portions 8334 are formed to have the same
thickness of the first thickness T1 as those of the connecting
portion 133 and the second region 13154. The second auxiliary
connecting portions 8334 are formed at the corner portions
194, which are formed between the connecting portion 133
and the excitation unit 831 and between the connecting por-
tion 133 and the framing portion 132. The second auxiliary
connecting portions 8334 are each formed to have a triangular
shape in a plan view in the X-Z' plane. The triangular shape
has two sides at side surfaces of the first side 1384 and the
connecting portion 133 and another side in a straight line,
which is not parallel to the X axis direction or the Z' axis
direction. Thus, as illustrated in FIG. 15D, a corner portion
with an angle equal to or less than 90 degrees is not formed
between the connecting portion 133 and the first side 138«
and between the connecting portion 133 and the framing
portion 132. The excitation unit 831 includes the second
region 1315 with a width in the 7' axis direction of a width
LZ4. The width 1.Z4 is formed to be larger than a width RZ2,
which is the width of the connecting portion 133 in the 7' axis
direction. The second region 1315 is formed to have the width
L.Z4 in the first side 138a. The second region 1315 with the
first thickness T1 is directly connected to the connecting
portion 133 and the +X axis side of the second auxiliary
connecting portion 833d. In the piezoelectric vibrating piece
830d illustrated in FIG. 15D, the second auxiliary connecting
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portion may have a shape with a curved surface in a plan view,
which is recessed toward the connecting portion 133 side,
similarly to the second auxiliary connecting portions 833¢
illustrated in FIG. 15C.

In the piezoelectric vibrating piece 830a, the corner por-
tions 194 between the connecting portion 133 and the first
side 1384 and between the connecting portion 133 and the
framing portion 132 are reinforced by the second auxiliary
connecting portions 833a. In the piezoelectric vibrating piece
8305 and the piezoelectric vibrating piece 830c, the corner
portions 194 between the connecting portion 133 and the first
side 1384 and between the connecting portion 133 and the
framing portion 132 are respectively reinforced by the second
auxiliary connecting portions 8335 and the second auxiliary
connecting portions 833c¢. In this case, the corner portions
between the first side 138a and the connecting portion 133 are
not formed to have angles equal to or less than 90 degrees,
thus crackings from initiating at the corner portions 194
between the first side 138a and the connecting portion 133 are
prevented.

<Configurations of a Piezoelectric Vibrating Piece 930a
and a Piezoelectric Vibrating Piece 9305>

Inthe piezoelectric vibrating piece, corner portions are also
formed in the framing portion. As illustrated in FIGS. 15B
and 15C, the corner portion with an angle larger than 90
degrees prevents, for example, cracking from initiating at the
corner portions. Accordingly, the framing portion may have
an auxiliary frame portion to reinforce the corner portion in
the framing portion. A piezoelectric vibrating piece with the
auxiliary frame portion in the corner portion of the framing
portion is described below.

FIG. 16A is a plan view of a piezoelectric vibrating piece
930a. The piezoelectric vibrating piece 930a includes the
excitation unit 131, the framing portion 132, the connecting
portion 133, and auxiliary frame portions 932a. The auxiliary
frame portions 932a are formed at the respective four corners
on side surfaces, which face the excitation unit 131 of the
framing portion 132. The auxiliary frame portions 9324 are
each formed to have a triangular shape in a plan view in the
X-7! plane. The triangular shape has two sides that are shared
with the side surfaces of the framing portion 132 and another
side in a straight line, which is not parallel to the X axis
direction or the 7' axis direction. Thus, the auxiliary frame
portions 932a prevent corner portions 195, which are at the
four corners of the side surfaces at the excitation unit 131 side
of the framing portion 132, from having an angle equal to or
less than 90 degrees.

FIG. 16B is a plan view of a piezoelectric vibrating piece
93056. The piezoelectric vibrating piece 93054 includes the
excitation unit 131, the framing portion 132, the connecting
portion 133, and auxiliary frame portions 9324. The auxiliary
frame portions 9325 are formed in the respective four corners
on the side surfaces, which face the excitation unit 131 of the
framing portion 132. The respective auxiliary frame portions
932b are each formed to have a shape surrounded by the two
sides that are shared with the side surfaces of the framing
portion 132 and a curved line, which is recessed toward the
corner portions 195 side in a plan view in the X-7' plane. The
piezoelectric vibrating piece 9305 also prevents, similarly to
the piezoelectric vibrating piece 930qa, the corner portions
195, which are at the four corners of the side surfaces at the
excitation unit 131 side of the framing portion 132, from
having angles equal to or less than 90 degrees.

In the piezoelectric vibrating piece 930a and the piezoelec-
tric vibrating piece 9305, the auxiliary frame portions are
formed at the corner portions 195 of the framing portion 132.
This reduces cracking that initiates at the corner portions 195

10

15

20

25

30

35

40

45

50

55

60

65

20

of'the framing portion 132, thus improving impact resistance.
The auxiliary frame portions are formed to have the same
thickness as that of one of the framing portion 132, the con-
necting portion 133, and the third region 131¢. This prefer-
ably reduces the number of etching processes in the manu-
facturing process of the piezoelectric vibrating piece.

Representative embodiments have been described in detail
above. As evident to those skilled in the art, the present
invention may be changed or modified in various ways within
the technical scope of the invention.

For example, while the first side is shorter than the second
side in the embodiments, the first side may be longer than the
second side. While in the base plate 120 described in the
embodiments the castellations 126 in cylindrical shapes are
formed in the four corners of the base plate 120, this should
not be construed in a limiting sense. The base plate may have
a castellation with a shape that extends in the short side
direction from the corner portions of the base plate, or a
castellation with a shape that does not include the four corners
of the base plate at the short side of the base plate.

While in the embodiments the piezoelectric vibrating piece
is an AT-cut quartz-crystal vibrating piece, for example, a
BT-cut quartz-crystal vibrating piece, which vibrates in a
thickness-shear vibration mode similarly to the AT-cut
quartz-crystal vibrating piece, may be applicable. Further, the
piezoelectric vibrating piece is basically applied to piezoelec-
tric material including not only quartz-crystal material but
also lithium tantalite, lithium niobate, and piezoelectric
ceramic.

What is claimed is:

1. A piezoelectric vibrating piece comprising:

an excitation unit in a rectangular shape including a first

side and a second side, the first side extending in a first
direction, the second side extending in a second direc-
tion perpendicular to the first direction;
a framing portion that surrounds the excitation unit and has
a space; and

a connecting portion that connects the first side of the
excitation unit and the framing portion, the connecting
portion having a first thickness in a third direction per-
pendicular to the first direction and the second direction,
wherein the excitation unit includes a first region, a
second region, and a third region, a pair of excitation
electrodes are disposed on two main surfaces of the first
region, the second region includes at least a part of the
first side, the second region with the first thickness being
directly connected to the connecting portion, the third
region is disposed between the first region and the sec-
ond region, the third region is a region other than the first
region and the second region, the third region has a
second thickness in the third direction, and a thickness of
the second region in the third direction is thicker than the
second thickness, wherein the space of the framing por-
tion is located at regions other than the connecting por-
tion between the excitation unit and the framing portion.

2. The piezoelectric vibrating piece according to claim 1,
wherein the first side has a length shorter than a length of the
second side.

3. The piezoelectric vibrating piece according to claim 1,
wherein the connecting portion is connected to a center of the
first side.

4. The piezoelectric vibrating piece according to claim 1,
wherein a thickness of the first region in the third direction is
thicker than the second thickness.

5. The piezoelectric vibrating piece according to claim 4,
wherein the first region is connected to the third region by a



US 9,106,200 B2

21

first taper surface, the first taper surface having a predeter-
mined angle with respect to the third direction.

6. The piezoelectric vibrating piece according to claim 1,
wherein the second region is connected to the third region by
a second taper surface, the second taper surface having a
predetermined angle with respect to the third direction.

7. The piezoelectric vibrating piece according to claim 1,
further comprising:

a first auxiliary connecting portion disposed on a side sur-
face in the first direction of the connecting portion, the
first auxiliary connecting portion having a third thick-
ness, wherein the third thickness is thinner than the first
thickness and thicker than the second thickness, the sec-
ond region of the excitation unit includes a first connect-
ing region having the first thickness and directly con-
nected to the connecting portion, and a second
connecting region having the third thickness and con-
nected to the first auxiliary connecting portion.

8. The piezoelectric vibrating piece according to claim 7,
wherein the second connecting region is entirely disposed in
a region between the first connecting region and the third
region.

9. The piezoelectric vibrating piece according to claim 4,
wherein the thickness of the first region in the third direction
is the first thickness.

10. The piezoelectric vibrating piece according to claim 7,
wherein the thickness of the first region in the third direction
is the third thickness.

11. The piezoelectric vibrating piece according to claim 1,
further comprising:

a second auxiliary connecting portion disposed on a side
surface in the first direction of the connecting portion,
the second auxiliary connecting portion having the sec-
ond thickness.

12. The piezoelectric vibrating piece according to claim

11, wherein the second auxiliary connecting portion connects
the side surface in the first direction of the connecting portion
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to the first side and the framing portion with one of a curved
surface and a planar surface, wherein the planar surface has a
normal line, and the normal line is inclined from the first
direction to the second direction by a predetermined angle.

13. The piezoelectric vibrating piece according to claim 1,
wherein a corner portion on a side surface at the excitation
electrode side of the second region is chamfered to have a
curved surface or a planar surface.

14. The piezoelectric vibrating piece according to claim 1,
wherein the connecting portion has a first width in the first
direction, the second region has a second width in the first
direction, the second region includes the first side with the
second width, and the first width is smaller than the second
width.

15. The piezoelectric vibrating piece according to claim 1,
further comprising:

auxiliary frame portions respectively disposed at four cor-

ners on side surfaces at the excitation unit side of the
framing portion, wherein the auxiliary frame portion
includes a side surface facing the excitation unit, the side
surface facing the excitation unit has a curved surface or
aplanar surface, and the planar surface has a normal line
inclined from the first direction to the second direction
by a predetermined angle.

16. The piezoelectric vibrating piece according to claim
15, wherein a thickness of the auxiliary frame portion in the
third direction is one of a thickness of the framing portion in
the third direction, the first thickness, and the second thick-
ness.

17. A piezoelectric device comprising:

the piezoelectric vibrating piece according to claim 1;

a lid plate bonded to one main surface of the framing

portion in the piezoelectric vibrating piece; and

a base plate bonded to another main surface of the framing

portion in the piezoelectric vibrating piece.
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